Dendritic arborization is one of the key determinants of precise circuits for information processing in neurons. Unraveling the molecular mechanisms underlying dendrite morphogenesis is critical to understanding the establishment of neuronal connections. Here, using gain-and loss-of-function approaches, we defined the chromodomain protein and transcription corepressor chromodomain Y-like (CDYL) protein as a negative regulator of dendrite morphogenesis in rat/mouse hippocampal neurons both in vitro and in vivo. Overexpressing CDYL decreased, whereas knocking it down increased, the dendritic complexity of the primary cultured rat neurons. Highthroughput DNA microarray screening identified a number of CDYL downstream target genes, including the brain-derived neurotrophic factor (BDNF). Knock-down of CDYL in neuronal cells led to increased expression of BDNF, which is primarily responsible for CDYL's effects on dendrite patterns. Mechanistically, CDYL interacts with EZH2, the catalytic subunit of Polycomb Repressive Complex 2 (PRC2), directly and recruits the H3K27 methyltransferase activity to the promoter region of the BDNF gene. In doing so, CDYL and EZH2 coordinately restrict dendrite morphogenesis in an interdependent manner. Finally, we found that neural activity increased dendritic complexity through degradation of CDYL protein to unleash its inhibition on BDNF. These results link, for the first time, the epigenetic regulators CDYL and EZH2 to dendrite morphogenesis and might shed new light on our understanding of the regulation of the neurodevelopment.
Introduction
Epigenetic regulation, including DNA methylation, histone modifications, and chromatin remodeling, has been found to play an important role in the nervous system (Borrelli et al., 2008; Riccio, 2010; Gräff et al., 2011; Jakovcevski and Akbarian, 2012) . In particular, covalently modified histone residues, either alone or in combination, create docking sites for specific "reader" proteins, which subsequently recruit transcriptional regulators to tune up or tune down the expression level of local genes. Although several histone modifiers have been implicated in various aspects of neurobiology, such as cell death, learning, and memory (Wu et al., 2007; Nott et al., 2008; Qiu and Ghosh, 2008; Guan et al., 2009; Riccio, 2010; Sawarkar and Paro, 2010; Tea et al., 2010; Jakovcevski and Akbarian, 2012) , little is known about how epigenetic mechanisms contribute to dendrite morphogenesis, a process critical for the establishment of neural circuits .
Chromodomain Y-like (CDYL) protein, containing an N-terminal chromodomain and a carboxy-terminal enoylcoenzyme A hydratase-isomerase catalytic domain, has been implicated in transcription repression (Lahn and Page, 1999; Caron et al., 2003) . It has been shown that CDYL is a component of repressor complex CtBP (Shi et al., 2003) and that, under certain conditions, CDYL bridges the transcription repressor RE1-silencing transcription factor (REST) and the histone H3K9 methyltransferase G9a for repression of gene transcription (Mulligan et al., 2008) . The chromodomain of CDYL is believed to read histone lysine methylation Vermeulen et al., 2010) and we demonstrated previously that CDYL can recognize the repressive chromatin mark H3K27 trimethylation (H3K27me3) and recruit the Polycomb Repressive Complex 2 (PRC2) to the chromatin substrate (Zhang et al., 2011) . Although it is becoming clear that CDYL is a transcriptional corepressor and an important epigenetic regulator, the in vivo target genes of CDYL are poorly defined and the biological function of this protein remains to be determined.
Although homologs of CDYL have been shown to play a key role in mammalian spermatogenesis (Lahn et al., 2002) , the fact that CDYL is widely expressed in various tissues (Lahn and Page, 1999) suggests that it might have a broad functionality. Indeed, analysis of our previous CDYL ChIP-sequencing studies (ChIPSeq; Zhang et al., 2011) by functional taxonomy and gene ontology (GO) found, unexpectedly, a significant number of CDYL target genes implicated in the development and functionality of the nervous system and a significant recurrent appearance of the REST motif in ϳ500 CDYL-binding sites. Because REST is a classical transcriptional repressor primarily implicated in neurological functions, we were prompted to investigate whether and how CDYL might play a role in the nervous system.
Here, we report that CDYL is a negative regulator of dendrite branching. We show that CDYL recruits the H3K27 methyltransferase activity to the brain-derived neurotrophic factor (BDNF) promoter to regulate gene transcription and, consequently, CDYL and EZH2 coordinately regulate dendrite morphogenesis. Neuronal CDYL protein is rapidly degraded during KCl stimulation, indicating that CDYL is an important regulator of dendrite morphogenesis in activity-dependent neuronal function.
Materials and Methods
Plasmids. Human CDYL was cloned into PBK vector and pEGFP-N1 vector to produce FLAG-tagged and C-terminal green fluorescent protein (GFP)-tagged expression plasmid, respectively. Short hairpin RNA (shRNA) plasmids specific for rat Cdyl were produced by insertion of the following sequence into pSUPER basic vector: sense: 5Ј-GATCCCC-GGTACATCTCCATTCATGG-TTCAAGAGA-CCATGAATGGAGAT-GTACC-TTTTTA-3Ј; antisense: 5Ј-AGCTTAAAAA-GGTACATCTCC ATTCATGG-TCTCTTGAA-CCATGAATGGAGATGTACC-GGG-3Ј. The sequences for nonsilencing shRNA were as follows: sense: 5Ј-GATCCCC-GCAAATTCTCGGTGTCAAA-TTCAAGAGA-TTTGA-CACCGAGAATTTGC-TTTTTA-3Ј; antisense: 5Ј-AGCTTAAAAA-GCAAATTCTCGGTGTCAAA-TCTCTTGAA-TTTGACACCGAGA ATTTGC-GGG-3Ј. To create shRNA-resistant CDYL (CDYL-R), the third nucleotide of each codon in the target sequence was mutated without changing the identity of the amino acids. For chromodomain deletion mutants, FLAG-CDYL del60 was generated by PCR. FLAG-CDYL del60-R was generated by PCR from the FLAG-CDYL-R expression plasmid. All CDYL mutants and other expression plasmids were generated using standard protocols and confirmed by sequencing. Mouse EZH2 was cloned into pcDNA3.1 vector to produce FLAG-tagged expression plasmid.
RNA interference. The following siRNAs were synthesized by Shanghaidigested with 0.25% trypsin for 30 min at 37°C, followed by triturating with a pipette in plating medium (DMEM with 10% FBS). Dissociated neurons were plated onto 35 mm dishes coated with poly-D-lysine (Sigma Aldrich) at a density of 5 ϫ 10 5 cells per dish. After culturing for 4 h, the medium was changed to neurobasal medium supplemented with 2% B27 and 0.5 mM GlutaMAX-I (Life Technologies). To test the role of CDYL in dendritic branching, neurons were cotransfected with the DNA of interest and pEGFP-N1 at day 8 in vitro (DIV). Cells were fixed with 4% paraformaldehyde and subjected to analysis of dendritic branching 3 d after transfection. Lipofectamine 2000 (Life Technologies) was used for neuronal transfection following the instructions provided by the manufacturer. To address the effects of the recombinant protein TrkB-Fc on dendritic numbers, TrkB-Fc (0.33 g/ml; R&D Systems) was added to neurons transfected with shRNAs 12 h after transfection and the neurons were cultured for another 3 d before analyzing the dendritic complexity. For the RNA interference experiment, EZH2 siRNA, BDNF siRNA, or control siRNA was transfected together with pEGFP-N1. For rescue experiments, the indicated constructs were transfected together with pEGFP-N1. For KCl-induced morphological analysis of dendritic complexity, 16 mM KCl was added into the medium 12 h after transfection and images were collected 2 d later. Two proteasome inhibitors were used in the protein degradation experiments: MG132 (C2211; Sigma-Aldrich) and clasto-lactacystin ␤-lactone (L7035; Sigma-Aldrich).
In utero electroporation. Female ICR mice were checked for vaginal plugs. Electroporation was performed at embryonic day 14.5 (E14.5). Mice embryos were exposed in the uterus and 1 l of DNA solution was injected into the lateral ventricle through the uterus wall, followed by electroporation. Plasmids were prepared in Milli-Q water at a concentration of 1 g/l for pEGFP-N1, 3 g/l for shRNAs, and 6 g/l for CDYL-R or CDYL del60-R. Electric pulses of 36 V were generated with an ElectroSquireportator T830 (BTX) and applied to the cerebral wall for 50 ms each for a total of five pulses at an interval of 950 ms. The numbers of mice used in control, CDYL shRNA, CDYL shRNAϩCDYL-R, and CDYLshRNAϩCDYLdel60-R groups were 14, 11, 12, and 7, respectively.
Pull-down assays. Purified baculovirus-expressed FLAG-CDYL proteins (Zhang et al., 2011) were incubated for 4 h with anti-FLAG M2 affinity beads (Sigma-Aldrich) and the beads were washed five times with PBS before they were mixed with rat brain lysates in the binding buffer containing 0.1% Nonidet P-40 and 300 mM NaCl overnight. For the control reactions, anti-FLAG M2 affinity beads without bound proteins were incubated with rat brain lysates. After the incubation, the beads were washed five times again with the binding buffer and bound proteins were eluted with FLAG peptide and subjected to Western blot analysis using anti-EZH2 antibodies.
Lentivirus infection. Rat cortical neurons were dissociated at E18. After 3 d of culture in vitro, neurons were infected with lentivirus containing nonsilencing shRNA or CDYL shRNA (Shanghai GeneChem) with a multiplicity of infection of 1. Seven days after transfection, neurons were collected and either RNA or protein was extracted for quantitative realtime RT-PCR or Western blotting, respectively. The infection efficiency was confirmed by the expression of green fluorescent protein under microscopy.
Western blotting and ChIP. Western blotting and ChIP experiments were performed according to the protocols described previously (Wu et al., 2005; Li et al., 2009; . Commercial antibodies used were CDYL (catalog #5188; Abcam), EZH2 (catalog #612667; BD Biosciences), FLAG (Sigma-Aldrich), ACTIN (Sigma-Aldrich), REST (catalog #25398; Santa Cruz Biotechnology), H3K9me2 (catalog #8898; Abcam), H3K9me3 (catalog #05-1242; Millipore), H3K27me3 (catalog #07-449; Millipore), BDNF (catalog #2960-S; Epitomics), pan acetyl lysine (catalog #101; PTM Biolab), and histone H3 (catalog #1791; Abcam). A CDYL antibody that we generated previously (peptide antigen: KQKESTLTRT-NRTSPNN; B&M) was used for Western blot with rat cell lysates. The primers used for ChIP assay were as follows: ChIP-h-BDNF forward: TTTACAGCGGGGCCAAGAA; ChIP-h-BDNF reverse: TGTGTAATC-CGGGCGATAGG.
mRNA profiling. Total mRNA was extracted from prepared pairs of cortical cultures infected with lentivirus containing nonsilencing or CDYL shRNA. Microarray analysis was performed using Affymetrix rat genome 230 2.0 array chips at CapitalBio. Differentially expressed genes were identified through the SAM (Tusher et al., 2001 ) package in R software after normalization with RMA (http://rmaexpress.bmbolstad. com). The annotated genes with transcript levels that were upregulated or downregulated by the CDYL shRNA by Ͼ2-fold or Ͻ0.5-fold, respectively, were considered to be significantly regulated by CDYL. Gene-ontology analysis against these two differentially regulated gene sets was performed using DAVID tools (Huang da et al., 2009) . Statistical analysis and plotting were performed with R software (http://www.R-project.org).
Analysis of neuronal morphology. Morphology of entire neurons was shown by the expression of pEGFP-N1 constructs. Dissociated neurons grown at low density were used to determine morphological characteristics. Neurons transfected with DNA were selected by GFP expression and were photographed at 20ϫ magnification using an Olympus fluorescent microscope. For analysis of total dendritic branch length, all arbors and their branches were traced and their length was measured using Image Pro Plus (Media Cybernetics). The experimental group was normalized to the control group, which was set to 100% for convenience. For Sholl analysis, concentric circles with 15 m (for cultured neurons) or 5 m (for in utero electroporation) differences in diameter were drawn around the cell body and the number of dendrites crossing each circle was counted manually (Sholl, 1953; Jaworski et al., 2005) .
Statistical analysis. All data are represented as the mean Ϯ SEM. Comparisons between two groups were made using Student's unpaired twotailed t tests. Comparisons among three or more groups were made using one-way ANOVA analyses followed by Bonferroni's multiplecomparisons test. Data marked with asterisks in the figures are significantly different from control as follows: *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001.
Results

CDYL restricts dendritic morphogenesis through epigenetic mechanisms
To understand what role, if any, CDYL might play in the nervous system, we first examined the regional and developmental expression pattern of CDYL in rat brain. CDYL is broadly expressed in the CNS (Fig. 1A) , a result consistent with a previous study (Lahn and Page, 1999) . The protein level of CDYL decreased during the maturation of the brain, suggesting that CDYL might play a negative role in neural development (Fig. 1B) . We next examined the effect of gain-of-function and loss-of-function of CDYL on the morphology of neurons. In gain-of-function experiments, overexpression of full-length CDYL in cultured rat hippocampal neurons led to a significant decrease of dendritic branching and the total dendritic length compared with the control group (Fig. 1C-E) . In contrast, knock-down of CDYL by shRNA ( Fig. 1F ) led to an increase of the dendritic branching and total dendritic length ( Fig. 1H-J ) . To exclude the possible offtarget effects of the shRNA system, rescuing experiments were performed with CDYL-R, a construct that was derived from human CDYL by silent mutation and therefore resistant to the shRNA (Fig. 1G) . Expression of CDYL-R restored the dendritic morphology affected by CDYL shRNA, indicating the specific effects of CDYL shRNA ( Fig. 1H-J ) .
Furthermore, loss-of-function experiments were performed by in utero electroporation (Saito and Nakatsuji, 2001 ). Specifically, CDYL shRNA or nonsilencing shRNA together with a GFP construct was transfected to mice progenitor cells at E14.5 via electroporation. At postnatal day 15 (P15), the morphology of CDYL shRNA-transfected hippocampal neurons was compared with that of nonsilencing shRNA-transfected neurons. Consistent with the in vitro results, dendritic complexity of CDYL shRNA-transfected neurons increased significantly relative to that of the control cells ( Fig. 2A-E) . Furthermore, rescuing experiments in which CDYL-R was cotransfected with CDYL shRNA to mice progenitor cells at E14.5 via electroporation completely restored the normal dendrite morphology of transfected hippocampal neurons at P15 ( Fig. 2A-E) . Moreover, further analysis revealed that CDYL affected the basal dendrites more dramatically than it did the apical dendrites ( Fig. 2F-G ). These data indicated that CDYL restricts the dendritic complexity of hippocampal neurons in vivo.
We also investigated whether the effects of CDYL depend on its chromatin-binding activity. We constructed a CDYL deletion mutant in which the chromodomain (the N-terminal sequence of 60 aa) was removed (CDYL del60). Unlike that of wild-type CDYL, overexpression of CDYL del60 in cultured hippocampal neurons did not affect dendritic branching ( Fig. 1C-E ), nor could it rescue the effect of CDYL shRNA on dendritic complexity either in vitro ( Fig. 1H -J ) or in vivo ( Fig. 2A-G) , suggesting that CDYL influences dendrite morphogenesis by means of its association with chromatin histones.
Genome-wide identification of CDYL target genes in cortical neurons
In light of our observation that CDYL inhibits dendritic branching by virtue of its chromatin association and based on the general belief that CDYL is a transcriptional repressor Zhang et al., 2011) , we reasoned that CDYL might regulate dendrite morphogenesis through transcription repression of its downstream target genes. We performed genome-wide microarray analysis in cultured cortical neurons infected with lentivirus of CDYL-silencing or nonsilencing shRNA to identify the target genes of CDYL. Total RNA was extracted 7 d after lentiviral infection and microarray analysis was performed using Affymetrix rat genome 230 2.0 array chips. Of 28,000 rat genes tested, 333 were found to be upregulated and 273 were found to be downregulated in CDYLdeficient neurons. Because CDYL acts as a transcriptional repressor, it is more likely that the upregulated genes represent the direct targets of CDYL. GO analysis showed that most of the upregulated genes in CDYL-depleted neurons are implicated in neurological functions, including synaptic transmission, response to various stimuli, and neuron differentiation (Fig. 3A) . Quantitative real-time RT-PCR analysis of the representative genes from each of the six most upregulated functional clusters confirmed the microarray results (Fig. 3B) .
Remarkably, BDNF, a key regulator of neural circuit development (Park and Poo, 2013), was identified among the genes that were upregulated in CDYL-deficient neurons (Fig. 3B) . BDNF belongs to a family of secreted neurotrophins including nerve growth factor (NGF), neurotrophin 3 (NT3) and neurotrophin 4 (NT4), which act to promote the survival and growth of various neurons during development (Thoenen, 1991; Lu et al., 2005; Park and Poo, 2013) . BDNF has been characterized as a critical factor in promoting dendritic morphogenesis in various types of neurons Park and Poo, 2013) . Quantitative real-time RT-PCR and Western blot analysis confirmed the upregulation of BDNF in cortical neurons infected with CDYL-shRNA lentiviruses (Fig. 3B) .
BDNF is required for the effects of CDYL on dendritic branching
We next examined whether BDNF is the major mediator of the effects of CDYL on dendritic branching. Treating CDYLtransfected hippocampal neurons with 25 ng/ml BDNF for 3 d The results showed that CDYL is broadly expressed in rat brain. The blot was quantified using one-way ANOVA with Bonferroni's multiple-comparisons test (right). B, Protein lysates were prepared from rat hippocampus at the indicated developmental stages (E18 to P30). Western blot analysis showed that the level of CDYL decreased as the brain matures (left). Quantification was done by normalizing the level of CDYL to that of ␤-actin (right). *p Ͻ 0.05, t test. C, Representative images of hippocampal neurons transfected with PBK vector, FLAG-CDYL, or FLAG-CDYL del60 at DIV 8 for 3 d. restored CDYL-inhibited dendrite complexity (Fig. 4A-C) , whereas blocking TrkB, the major cell surface receptor of BDNF (Park and Poo, 2013), by recombinant TrkB-Fc in neurons alleviated the increase of dendritic branching caused by CDYL shRNA (Fig. 4D-F ) . BDNF is a secreted neurotrophic factor that can exert its function in both a paracrine and an autocrine fashion (Horch and Katz, 2002; Bloodgood et al., 2013; Sylwestrak and Scheiffele, 2013). In our system, alteration of BDNF in a small Analysis was done at a distance of 100 m from the soma. E, Quantification of the total dendritic branch length of the neurons from hippocampal slices. F, G, Sholl analysis of apical (F ) and basal dendrites (G) was performed, respectively.
percentage of cells by overexpression or knock-down of CDYL was sufficient to change the dendrite branching pattern in these cells, suggesting that BDNF acts in a cell-autonomous manner under these circumstances. Indeed, compared with hippocampal neurons transfected with control siRNAs, BDNF siRNAtransfected neurons showed fewer dendritic arbors and less total dendritic branch length (Fig. 5B-D) . In addition, BDNF siRNAs abolished the effects of CDYL shRNA on dendritic complexity, Figure 3 . Genome-wide identification of CDYL target genes in cortical neurons. A, Genome-wide microarray analysis was performed in cultured primary rat cortical neurons under CDYL depletion via lentiviral infection with CDYL shRNA construct. GO analysis showed that many genes that were upregulated upon CDYL knock-down are involved in neurological functions. B, Quantitative real-time RT-PCR analysis of the representative genes from each of the six most upregulated functional clusters of the upregulated genes upon CDYL knock-down. Cortical neurons were infected with lentivirus containing CDYL shRNA or nonsilencing shRNA (NS) for 7 d. The protein levels of BDNF and CDYL were examined by Western blot analysis (bottom left) and quantified (bottom right). The experiments were repeated three times and Student's t test was used for statistical analysis. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001.
further demonstrating that autocrined BDNF is required for CDYL-mediated regulation of dendritic branching (Fig. 5E-G) . Together, our data suggest that CDYL restricts dendrite morphogenesis through inhibition of BDNF expression.
CDYL suppresses BDNF transcription by recruiting H3K27 methyltransferase activity
We investigated the molecular basis for CDYL-regulated BDNF transcription to further understand the role of CDYL in dendrite Figure 1E . D, Representative images of cultured hippocampal neurons cotransfected with GFP and nonsilencing shRNA (NS) or CDYL shRNA at DIV 8. After 12 h, transfected neurons were treated with 0.33 g/ml TrkB-Fc for 3 d before the images were collected. Scale bar, 50 m. E, F, Sholl analysis (E) and quantification (F ) of total dendritic branch length of the neurons as shown in D. The methods used in F were as in Figure 1E .
morphogenesis. CDYL has been reported, by us and others, to be able to interact with a number of histone modification enzymes, including H3K9 methyltransferase G9a ( Figure  1E . E, Representative images of cultured hippocampal neurons transfected with NS, CDYL shRNA, or CDYL shRNA with BDNF siRNA #1, #2, or #3, respectively. F, G, Sholl analysis (F ) and quantification (G) of total dendritic branch length of the neurons as shown in E. The methods used in G were as in Figure 1E .
BDNF, by its association with epigenetic enzyme(s) catalyzing the addition of repressive histone mark(s). Recently, it was found that epigenetic factor MeCP2, a transcriptional corepressor that recognizes methylated cytosines within DNA, suppresses dendrite morphogenesis and synapse development and behavior through a genome-wide chromosomeremodeling mechanism (Cohen et al., 2011) . Therefore, we first isolated chromatin histones by acid extraction from cultured neurons under CDYL depletion via lentiviral infection with CDYL shRNA and analyzed the global levels of H3K9me3, H3K27me3, and H3Ac (acetylation) by Western blotting. No significant changes were found in the global levels of these modifications in CDYLdepleted neurons (Fig. 6A) , suggesting that CDYL does not likely affect the overall chromatin modification pattern and may instead act in a gene-specific manner. In our previous ChIP-Seq study with CDYL-specific polyclonal antibodies Fig. 6B ). Remarkably, the neuron-restrictive silencer element (NRSE, also known as RE1), the binding sequence for the transcriptional repressor REST, is also present in this region. Therefore, we hypothesized that CDYL recruits repressive histone modification enzymes to this regulatory element to repress BDNF transcription.
To investigate which histone modification activity associated with CDYL in this region is most important for BDNF transcription, we performed ChIP assays with soluble chromatin extracted from SH-SY5Y cells using specific antibodies against CDYL, H3K9me3, H3K9me2, H3K27me3, pan-acetylation, and REST. SY5Y cells were used in this assay because none of the commercially available CDYL antibodies, including a polyclonal antibody that we previously generated, were suitable to perform ChIP experiments in rat neurons. We found that, upon knock-down of CDYL, the level of H3K27me3, but not that of histone acetylation, H3K9me3 or H3K9me2, was decreased dramatically (Fig. 6C) . The recruitment of the sequence-specific transcription repressor REST to this site was not affected by knock-down of CDYL. We validated CDYLinhibited BDNF transcription in SY5Y cells by real-time RT-PCR analysis (Fig. 6D) . It is known that the transcription of BDNF is driven by multiple promoters Pruunsild et al., 2007) . Knock-down of CDYL most significantly resulted in derepression of the promoter II and the upregulation of BDNF2B and BDNF2C transcripts, which start from exon IIA and IIB, respectively. Together, these results support an argument that CDYL inhibits BDNF transcription mainly through recruiting the H3K27 methyltransferase activity to the promoter of the gene.
Coordinated regulation of dendrite complexity by CDYL and EZH2
We have demonstrated previously that CDYL interacts directly with EZH2, the catalytic subunit of the PRC2 complex, and may facilitate the establishment and propagation of repressive H3K27me3 mark along chromatin (Zhang et al., 2011) . CDYL inhibits BDNF transcription mainly through recruiting the H3K27 methyltransferase activity to the gene promoter, suggesting that EZH2 likely plays an important role in CDYL-inhibited BDNF transcription and thus the effect of CDYL on dendritic branching. We first confirmed the interaction between CDYL and EZH2 in neurons. FLAG-tagged CDYL protein, which was purified from baculovirus-infected sf9 cells and coupled to an anti-FLAG M2 affinity gel, was incubated with rat brain lysates and EZH2 signal was clearly Figure 6 . CDYL suppresses BDNF transcription by recruiting H3K27 methyltransferase activity. A, Cortical neurons were infected with lentivirus containing CDYL shRNA or nonsilencing shRNA (NS) for 7 d and total histones were isolated by acid extraction. Levels of H3K9me3, H3K27me3, and H3Ac in the two groups were analyzed by Western blot analysis (left). The knock-down efficiency of CDYL was tested in parallel from total cell lysates of the two groups (right). B, Illustration of the CDYL-binding sites in the vicinity of the BDNF gene. Note the transcription direction of BDNF gene is from right to left. Two CDYL-binding sites identified through ChIP-Seq analysis were shown in the top track (two short gray bars). One binding site is located in the BDNF gene body and the other is in the promoter region; the latter was used in the subsequent ChIP assays in C and was highlighted in a dark box. Alignments of rat (Nov. 2004, Baylor 3.4/rn4) to human genome were retrieved from the UCSC genome browser and displayed in the dense mode in the middle track. C, SH-SY5Y cells were transfected with control siRNA or CDYL-specific siRNA. Seventy-two hours after the transfection, cell lysates were collected, and ChIP experiments were performed using the indicated antibodies. Real-time PCR assays were performed for the measurement. The experiments were repeated three times and Student's t test was used for statistical analysis. D, CDYL siRNA (50 nM) was transfected into SH-SY5Y cells. Total RNA was extracted 48 h later and mRNA levels of BDNF transcripts and CDYL were measured by quantitative real-time RT-PCR. The experiments were repeated for at least three times and Student's t test was used for statistical analysis.
detected in CDYL-precipitated protein complexes (Fig. 7A) . Similar to knock-down of CDYL, knock-down of EZH2 in cultured hippocampal neurons led to a dramatic increase in the dendritic complexity of these cells, supporting the physical interaction between CDYL and EZH2 and a functional connection between these two epigenetic factors (Fig. 7C-E) . Knock-down of CDYL dramatically decreased the association between EZH2 and the promoter of BDNF (Fig. 7F ) and knock-down of EZH2 with specific siRNAs significantly increased the expression of BDNF (Fig. 7G) , further demonstrating that CDYL recruits EZH2 to the BDNF promoter to inhibit gene transcription. TrkB-Fc treatment effectively alleviated the increased dendritic complexity in EZH2-knockdown neurons (Fig. 7H-J ) , suggesting that EZH2 restricted Figure 7 . EZH2 participates in the regulation of dendritic complexity. A, CDYL interacts with EZH2 in the brain. FLAG-CDYL protein was purified from sf9 cells with baculovirus expression system. Purified proteins were immobilized on anti-FLAG M2 affinity gel (Sigma-Aldrich) and incubated with rat brain lysates. Bound proteins were detected with anti-EZH2 antibodies. B, EZH2 expression was efficiently knocked down by specific siRNAs. Nonsilencing or EZH2-siRNAs were transfected into rat C6 cells. Total cell lysates were collected after 48 h and the protein levels of EZH2 were examined by Western blot analysis. C, Representative images of neurons transfected with the indicated constructs at DIV 8 for 3 d. Scale bar, 50 m. D, Sholl analysis of neurons as shown in C. E, Quantification of total dendritic branch length of the neurons as shown in C. ***p Ͻ 0.001, Student's unpaired two-tailed t test. Error bars indicate SEM. F, SH-SY5Y cells were transfected with control siRNA or CDYL specific siRNA. Seventy-two hours after the transfection, cell lysates were collected and ChIP experiments were performed using the indicated antibodies. Real-time PCR assays were performed for the measurement. The experiments were repeated three times and Student's t test was used for statistical analysis. G, EZH2 siRNA (50 nM) was transfected into SH-SY5Y cells. Total RNA was extracted 48 h later and the total mRNA levels of BDNF and CDYL were measured by quantitative real-time RT-PCR. The experiments were repeated at least three times and Student's t test was used for statistical analysis. H, Representative images of cultured hippocampal neurons cotransfected with GFP and nonsilencing shRNA (NS) or EZH2 siRNA. The cells were treated with PBS or TrkB-Fc as in Figure 4D . Scale bar, 50 m. I, J, Sholl analysis (I ) and quantification (J ) of total dendritic branch length of the neurons as shown in G. ***p Ͻ 0.001, one-way ANOVA with Bonferroni's multiple-comparisons test.
dendritic branching through the BDNF pathway. Moreover, although overexpression of EZH2 decreased dendritic branching of hippocampal neurons to the same extent as overexpression of CDYL (Fig. 8A-C) , overexpression of EZH2 in CDYL-depleted hippocampal neurons did not rescue the increased dendritic complexity (Fig. 8D-F ) . Conversely, overexpression of CDYL had no effect on the dendritic branching pattern in EZH2-depleted hippocampal neurons (Fig. 8G-I ) . Clearly, CDYL and EZH2 are interdependent in the regulation of dendrite morphology. If our interpretation is correct, this means that CDYL and EZH2 are functionally coordinated in controlling dendrite patterning.
Neural activity increases dendritic complexity through CDYL degradation
Appropriate dendrite patterning is critical for information processing. Indeed, dendrite arborization increases upon neural activation (Wong and Ghosh, 2002) in response to developmental and environmental cues. Here, the expression level of CDYL gradually decreased as the nervous system matured (Fig. 1B) , indicating that the level of CDYL might be regulated by neural activity during development. To understand the dynamics of CDYL in response to external stimulation, cultured neurons were treated with KCl, which causes an increase of cellular calcium influx (Sin et al., 2002; Peng et al., 2009; Wills et al., 2012) . Although KCl stimulation of cortical neurons did not change the mRNA level of either CDYL or EZH2 (Fig. 9A) , a rapid decrease of the protein level of CDYL, but not that of EZH2, was found in these stimulated cells (Fig. 9B) . We therefore examined whether the decrease of CDYL protein is a function of the ubiquitinproteasome protein degradation machinery. Indeed, treatment of cells with MG132 or clasto-lactacystin ␤-lactone, two widely used proteasome inhibitors, abrogated the decrease in CDYL protein levels in these KCl-stimulated neurons (Fig. 9 D, E) , suggesting that proteasome-mediated protein degradation is responsible for the rapid depletion of CDYL. Presumably, the rapid clearance of CDYL, which happens within 30 minutes after KCl stimulation, unleashes the inhibitory effect on BDNF expression and is responsible, at least in part, for the upregulation of BDNF mRNA (Fig. 9A ) and the increased dendritic complexity in KClstimulated neurons. Indeed, KCl stimulation of cultured neurons led to increased dendritic complexity concomitant with the decrease of CDYL and increase of BDNF (Fig. 9F-J ) . TrkB-Fc treatment efficiently blocked KCl-induced dendritic branching ( Fig.  9F-H ) , suggesting that increased BDNF expression, which is at least partially caused by CDYL degradation, mediates neuralactivity-induced dendritic complexity.
Discussion
In the present study, we identified the transcriptional repressor CDYL as a novel regulator of dendrite morphogenesis. In cultured primary hippocampal neurons, overexpression of CDYL reduces the dendritic arborization and total dendritic branch length; conversely, knock-down of CDYL increases the dendritic complexity, which could be counteracted by overexpression of a shRNA-resistant CDYL construct. In utero electroporation of CDYL shRNA leads to an increased dendritic complexity in vivo. DNA microarray analysis revealed that CDYL represses a number of genes that constitute several important cellular pathways pertinent to neurological functions, including synaptic transmission, response to various stimuli, and neuron differentiation. Among the target genes of CDYL, the neurotrophin BDNF is a key player in promoting dendrite development. By inhibiting the transcription of BDNF, CDYL acts as an internal barrier to suppress inappropriate and untimely dendrite branching. During brain maturation, the CDYL protein level decreases. CDYL is rapidly degraded by proteasome upon increase of calcium influx in neurons, thereby unleashing the expression of BDNF to adapt dendrite growth in these circumstances.
The region surrounding NRSE at the promoter II of BDNF has been demonstrated to play a key role in the regulation of the transcription of BDNF (Timmusk et al., 1999; Zuccato et al., 2003) . It is reported that this region is responsive to wild-type huntingtin, which inhibits the silencing activity of NRSE through cytoplasmic sequestration of repressor REST, an important control mechanism lost in the pathology of Huntington disease (Zuccato et al., 2003) . Based on our observation that CDYL is rapidly degraded upon KCl addition, it is likely that the NRSE at the promoter II of BDNF could also play an important role in response to acute environmental signals including KCl stimulation. In view of a previous report that acute cocaine administration specifically increases the expression of a BDNF4 splice variant , it becomes increasingly possible that different environmental signals entail the transcription of distinct BDNF transcripts.
In our previous ChIP-Seq analysis performed in nonneuronal cells, we found significant enrichment of CDYLbinding signals surrounding NRSE, the consensus REST-binding sequences (Zhang et al., 2011) . GO analysis indicated that a significant number of CDYL target genes are involved in the development and functionality of the nervous system. Protein-protein interaction between CDYL and REST was reported by other groups (Mulligan et al., 2008) and REST is considered to be the major transcriptional repressor acting to silence neuronal genes in non-neuronal cells (Chen et al., 1998; Mortazavi et al., 2006) . However, analysis of Rest-deficient mice indicated that whereas REST is required for the correct development of the nervous system, the expression of neuronal genes in non-neuronal tissues is also lacking, suggesting that alternative mechanisms exist to inhibit ectopic expression of neuron-specific genes (Chen et al., 1998) . Given a recent report that iPS cells derived from Cdyl Ϫ/ Ϫ mouse fibroblasts are much more prone to spontaneous differentiation to neurons than the cells derived from Cdyl ϩ/ϩ mice (Wan et al., 2013) , it is intriguing to speculate that CDYL is an important corepressor of REST to switch off neuronal genes in non-neuronal tissues. Further studies with Cdyl knock-out mice and Cdyl/Rest double knock-out mice will be critical to address this issue.
By recognizing H3K27me3 and H3K9me2/3, CDYL functions as a reader protein for histone modifications and participates in the establishment of the repressive histone methylation marks in chromatin (Mulligan et al., 2008; Zhang et al., 2011) . In addition, CDYL has been reported to recruit histone deacetylase activity to inhibit target gene expression (Caron et al., 2003) . In repression of the transcription of BDNF, change of CDYL level mainly causes alteration of H3K27me3 at the BDNF promoter. Moreover, we have demonstrated previously that H3K9me3 and H3K27me3 at CDYL target sites are not always concurrent (Zhang et al., 2011) , suggesting that CDYL might coordinate with different histone modification enzymes at different genomic loci. CDYL interacts directly with EZH2, the catalytic subunit of the PRC2 complex responsible for the histone H3K27 trimethylation. It has been found PRC2 subunits play an important role in dendrite branching in Drosophila (Parrish et al., 2006; Parrish et al., 2007) . We have demonstrated here, for the first time, that EZH2 is a key negative regulator of dendrite morphogenesis in mammalian neurons and that CDYL and EZH2 coordinately inhibit the transcription of BDNF and restrict dendrite arborization. When neuronal cells receive acute environmental signals such as KCl stimulation, only CDYL, not EZH2, is rapidly degraded to unleash the expression of neurogenic genes such as BDNF, suggesting that the regulatory effect of CDYL is dominant over EZH2 under this circumstance. . CDYL is rapidly degraded in response to KCl stimulation. A, Cortical neurons were treated with 90 mM KCl for the indicated times and the mRNA levels of c-fos, CDYL, EZH2, and BDNF were examined by real-time RT-PCR analysis. Expression levels were normalized against that of GAPDH. Each bar represents the mean Ϯ SEM for triplicate measurements. B, Protein lysates were prepared from cultured cortical neurons treated with 90 mM KCl, and subjected to immunoblot analysis with specific antibodies against CDYL, EZH2, BDNF, and ␤-actin. C, Quantification of the protein levels as shown in B, which was repeated at least three times. Error bars indicate SEM. D, Cortical neurons were treated with 5 M MG132 for 6 h before stimulating with 90 mM KCl for the indicated time and protein lysates were extracted and immunoblotted with specific antibodies against CDYL and ␤-actin. E, Cortical neurons were treated with 20 M clasto-lactacystin ␤-lactone overnight before stimulating with 90 mM KCl for the indicated times and protein lysates were extracted and immunoblotted with CDYL and ␤-actin. F, Cultured hippocampal neurons transfected with control or CDYL constructs were treated with or without 16 mM KCl in the presence or absence of TrkB-Fc for 2 d before the morphology was analyzed. Scale bar, 50 m. G, H, Sholl analysis (G) and quantification (H ) of the total dendritic branch length of the neurons as shown in F. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, one-way ANOVA with Bonferroni's multiple-comparisons test. Error bars indicate SEM. I, J, Cortical neurons were treated with 16 mM KCl for 2 d and the protein levels of CDYL, EZH2, and BDNF were examined by Western blot and quantified. *p Ͻ 0.05, Student's unpaired two-tailed t test.
Dendrite development is critical to many physiological and pathological conditions in the CNS. Overgrowth of dendrites could lead to abnormal circuit connection and information processing and eventually cause neurological diseases (Mei and Xiong, 2008; Jakovcevski and Akbarian, 2012; Park and Poo, 2013) . Conversely, stimulation-induced neuroplasticity, partly due to newly developed dendrite branching, leads to new connections between neurons and is the basis for learning and memory. We have demonstrated that CDYL is an important regulator of dendrite morphogenesis through transcriptional repression. The level of CDYL decreases as the neuron matures and receives KCl stimulation, suggesting that there might be a neuronal-activity-dependent degradation of CDYL. Whereas it has long been known that neuronal activity leads to upregulation of BDNF and increased dendritic branching, the underlying molecular mechanism remains unclear (Wong and Ghosh, 2002) . We have provided evidence that the rapid degradation of CDYL protein during KCl stimulation could contribute, at least in part, to the increased expression of BDNF by unleashing the inhibitory effect on BDNF transcription. It will be interesting to identify the E3 ligase of CDYL and the corresponding lysine residues of ubiquitin ligation on CDYL. By examining whether overexpression of a CDYL mutant resistant to proteasomal degradation could alleviate KCl-induced dendritic branching, we can further clarify whether CDYL degradation is the major underlying mechanism of the activitydependent BDNF upregulation and the subsequent increase of dendritic branching. It will be also important to clarify the role of CDYL in neural development and neurological diseases using in vivo models such as knock-out mice. Nevertheless, our present findings provide novel insights into the role of CDYL and EZH2 in the regulation of neural development and underpin the importance of epigenetic regulation in the development and functionality of the nervous system. Perhaps more importantly, with the reversible nature of epigenetic modifications, these mechanistic studies may offer better therapeutic opportunities for neurological diseases in the future.
